The dielectric properties of a paramagnetic terbium-containing liquid crystal have been studied. The magnitude and the sign of the dielectric of the liquid crystalline complex have been determined. The relaxation processes (modes) characterizing the dispersion of the principal values of the sample's dielectric permittivity has been studied. The relaxation times, activation energy and the dipole moment of the complex could be evaluated.
Introduction
Lanthanide containing compounds are widely used in various optical electronic devices, organic light-emitting diodes of different colors, flat-panel and flexible displays, optical waveguides, hybrid lasers, solar cells, etc [1] [2] [3] . Synthesizing and studying the molecular and macroscopic properties of liquid crystalline coordination compounds of lanthanides (lanthanidomesogens) is an important physicochemical problem. Paramagnetic complexes of lanthanides with organic ligands combined highly effective luminescence with abnormally large values of magnetic susceptibility anisotropy, allowing the easy alignment under the influence of an external magnetic field [4] . The technical characteristics of the lanthanidomesogens depend essentially on their physical properties.
Some important physical parameters that determine the effectiveness of the orientation of the lanthanidomesogens under the magnetic or electric field are the anisotropy of magnetic susceptibility and of dielectric anisotropy, respectively. Physical characteristics of lanthanide coordination compounds are determined by the central ion and its surrounding ligands [5] . Therefore, studying the relationship between molecular and macroscopic properties of lanthanidomesogens is an important task of physical chemistry of the lanthanides.
In recent years, a number of lanthanide complexes that include Lewis bases and -diketones serving as ligands have been synthesized [6] [7] [8] [9] [10] . Rare examples of these compounds have a stable enantiotropic nematic phase within a wide temperature range, which was demonstrated by methods of differential scanning calorimetry and polarizing optical microscopy [11, 12] . It was found that magnetic properties of lanthanidomesogens are strongly dependent upon the nature of the lanthanide ion and on the structure of the coordination center [13, 14] . The first study of the dielectric properties of lanthanidomesogens -tris [1-(4-(4-propylcyclohexyl) [15, 16] . The frequency dependence of the components of the dielectric permittivity tensor has been obtained in the range between 100 Hz-5 MHz. The magnitude and the sign of the dielectric anisotropy, the relaxation time, the activation energy, and the dipole moment have been determined.
The aim of this study is to investigate the influence of the central ion on dielectric properties of nematic lanthanidomesogens, and, in particular, on the magnitude and the sign of dielectric anisotropy.
Material
The object of the study was a liquid crystal complex tris [1-(4-(4-propylcyclohexyl) [15, 16] . The synthetic schemes for the investigated materials are shown in Fig. 1 .
Quantum-chemical simulation of the equilibrium geometry of Yb(CPDk 3−5 ) 3 Bpy 17−17 complexes was performed using the Prird 06 software by the DFT method with the PB exchange correlation functional (Fig. 2) . ) n-O). CHN elemental microanalysis was performed with the analyzer CE Instruments EA-1110, X-ray fluorescence analysis -with the universal spectrometer "SUR-02 "Renom FV". IR Specta of the sample in KBr were registered with ALPHA FT-IR spectrometer. The terbium complex Tb(CPDk 3−5 ) 3 Bpy 17−17 forms a nematic liquid crystalline phase within the temperature range 100-160
• C. The anisotropy of the magnetic susceptibility of the complex ∆χ = χ || − χ ⊥ (χ || and χ are values of the magnetic susceptibility of the liquid crystal in the directions parallel and perpendicular to the axis of preferential orientation of molecules, respectively) was measured using the Faraday method [17] . The sign of ∆χ was via optical birefringence measurements in a magnetic field (Cotton-Mouton effect) [13] .
The obtained value ∆χ, that equals −12690 × 10 −6 cm 3 /mol, is one of the largest absolute values among the compounds using the same type of ligand environment but various lanthanide ions [13] .
Dielectric measurements
The measurement of the dielectric permittivity is a powerful tool for characterizing the structure and physical properties of liquid crystalline materials [18] Investigations of the terbium complex were carried out using the analyzer HIOKI-3532 operating within the frequency range 100 Hz to 5 MHz. A titanium plane capacitor with the 200 µm distance between electrodes (electrical capacity 12 pF) was used as a sample cell. The macroscopic alignment of the liquid crystal sample in the cell was provided by a magnetic field of up to 5000 Oe. As probing voltage U we used 1V because the dielectric permittivity ε do not depend on U between 0.5 V and 2.0 V (Fig. 3) . In this range the electric field does not affect the orientation of the complex.
FIG. 3.
The dielectric permittivity ε of the sample versus the probing voltage U (frequency f = 10 kHz, T = 130
• C)
X-ray diffraction pattern of a number of paramagnetic lanthanidomesogens oriented throughout a magnetic field showed that, unlike diamagnetic liquid crystal, the director (the preferred direction of orientation of the molecular long axes) can vary by several degrees from the direction of the highest value of the magnetic susceptibility χ [17] . The difference of 10 degrees between the directions of the axes of the highest value of the magnetic susceptibility χ and the highest value of the dielectric permittivity ε, has been found in the study of the dielectric properties of Yb(CPDk 3−5 ) 3 Bpy 17−17 using the orienting magnetic field [16] . Therefore, in this study we measured the dielectric permittivity Tb(CPDk 3−5 ) 3 Bpy 17−17 at different angles ϕ between the directions of the probing electric field E (f = 10 kHz) and the orienting magnetic field (H=5000 Oe). The dependence of ε on ϕ at 130
• is shown in Fig. 4 .
It can be seen the dielectric permittivity reaches a maximum value at angle ϕ = 0 • , i.e. the directions of the electric and magnetic fields, respectively, coincide (E||H). The minimum value of the dielectric permittivity corresponds to the angle ϕ = 90
• , if the direction of the electric field is orthogonal to the magnetic field (E⊥H). Consequently, the maximum of the magnetic susceptibility coincides with the maximum of the dielectric permittivity. That is why the measurement of the components of the dielectric permittivity Tb(CPDk 3−5 ) 3 Bpy 17−17 was carried out for E||H and E⊥H.
The orientation of the nematic liquid crystal molecules in the plane sample cell relative to the direction of the orienting magnetic field H and the probing electric field E is shown schematically in Fig. 5 .
In the case of a positive sign of the magnetic susceptibility anisotropy ∆χ > 0, the long axes of the mesogenic molecules are homogeneously aligned along the direction of the magnetic field (Fig. 6a,b) . The paramagnetic complex under study, as noted above, has a negative sign of the macroscopic anisotropy of the magnetic susceptibility [13] . In this case the long axes of the molecules Tb(CPDk 3−5 ) 3 Bpy 17−17 are perpendicular to the orienting magnetic field (Fig. 5c,d) . However, the magnetic field does not provide a homogeneous orientation (same direction) rather a planar one of the long molecular axes throughout the sample (Fig. 5c,d ). Fig. 5 shows that for E||H the electric field direction is perpendicular to the long axes of the molecules. Then it seems evident that the measured component ε (E||H) is the transverse component of the dielectric permittivity ε ⊥ . The reorientation around the short molecular axes is at lower frequencies, probably hidden under the conductivity part.
The measurement of the dielectric permittivities over frequency range of 100 Hz to 5 MHz indicated the presence of the dispersion within the temperature range of the nematic phase and in the isotropic liquid state ε is . To illustrate it, Fig. 6 showed the dependencies of ε (E||H) = ε ⊥ and ε (E⊥H) on lg f at 130
• C, and also ε is at 160
• C. First, it can be seen from Fig. 6 that within the 100 Hz-100 kHz frequency range the anisotropy ε (E⊥H) − ε ⊥ has a negative sign and changes the sign to positive at the highest frequencies (the insert in Fig. 6 ). The increase of all components ε ⊥ , ε (E⊥H) and ε is at frequencies below 5 kHz is due to contribution of conductivity to the , that was measured using the prism method [19] at wavelength λ = 632 nm). This means that the dipole part is almost completely excluded from the dielectric polarization of the complex at frequencies above 5 MHz. Perhaps the small contribution (ε ⊥ -n 2 o ) and (ε (E⊥H) -n 2 e ) to the dielectric polarization by intramolecular rotation of polar groups remains. In order to understand the observed phenomenon, it is useful to consider the well-known dipole mechanisms of dielectric polarization of nematic liquid crystals [20] [21] [22] . In the presence of the longitudinal and transverse components of the molecular dipole moment these mechanisms are: the rotation of molecules around short molecular axes, the rotation around the long axes and the rotational motion about the long axis of the precessing molecule. It should be noted that the rotation of molecules around the short transverse axis requires overcoming a potential barrier responsible for a long-range order in the liquid crystal phase, while the rotation of molecules around the longitudinal molecular axes and the cone is less hindered. Therefore, parts of the dipole polarization ε ⊥ and ε || are excluded from the polarization at much higher frequencies than the dipole part of polarization ε || determined by the first mechanism. Therefore, it can be claimed that the experimentally observed coincidence of dispersion areas of the permittivity ε ⊥ and ε (E⊥H) of Tb(CPDk 3−5 ) 3 Bpy 17−17 (Fig. 6) indicates that the dipole parts of the dielectric polarization of the complex ε ⊥ is associated with the rotation of the polar molecules around the longitudinal axes and across to the cone surface. Reorientation around the short molecular axes was not seen. Perhaps this mechanism of the complex dielectric polarization is realized at frequencies below 100 Hz and may be hidden under the conductivity part.
The experimental frequency dependences of the dielectric permittivities given in Fig. 6 are approximated by the Cole-Cole equation taking into account the contribution of the sample's conductivity:
where, ε 0 is a quasi-static dielectric permittivity; ε ∞ is a high-frequency value of the dielectric permittivity; τ is average time of the dielectric relaxation; α is a parameter characterizing the distribution of relaxation times; B and N≤1 are numerical coefficients. The best agreement between theoretical curves and experimental points for the components of the dielectric permittivity was obtained under the following parameters: for ε ⊥ (ε 0 = 5.6; ε ∞ = 2.5; α = 0.1; τ = 1.7 × 10 −6 ; B = 100; N = 0.67), for ε (H⊥E) -(ε 0 = 4.6; ε ∞ = 2.5; α = 0.15; τ = 1.4 × 10 −6 ; B = 100; N = 0.75), and for ε is (ε 0 = 4.55; ε ∞ = 2.65; α = 0.01; τ = 1.4 × 10 −6 ; B = 100; N = 0.75). In Fig. 6 theoretical curves are represented by solid lines 4,5,6. The above parameters are also determined for other temperatures in the nematic and isotropic phases.
The dependencies of quasi-static values ε 0⊥ = ε 0(E||H) , and ε 0is on the temperature are shown in Fig. 7 , where the lower scale presents temperature; and the upper scale presents the relative temperature ∆T .
FIG. 7.
The dependence of the quasi-static dielectric permittivity components on the temperature:1 -ε o⊥ ; 2 -ε ois ; 3 -< ε >; 4 -ε o||
The value ε || can be calculated using the Maier-Meier theory of liquid crystal dielectric polarization [23] and experimental data showing that the average value of the dielectric permittivity < ε >= (ε || + 2ε ⊥ )/3 equals ε is or is only a few percent different from it at the transition temperature from an isotropic phase to a mesomorphic state. The extrapolation of the temperature dependence ε ois to the area of the mesophase existence allows one to obtain the dependency of < ε > on the temperature (Fig. 7 ) and calculating ε || at different temperatures. Thus determined values of ε o|| are presented in Fig. 7 (dependence 4) . The value of the dielectric anisotropy of the complex Tb(CPDk 3−5 ) 3 Bpy 17−17 ∆ε = ε || − ε ⊥ , calculated on the basis of the data shown in Fig. 7 varies from −0.5 to −2.15 within the temperature ∆T from −5
• C to −25
• C For the studies in the paper [6] , the ytterbiumbased coordination compound Yb(CPDk 3−5 ) 3 Bpy 17−17 with similar ligands in the same interval of temperatures ∆T the dielectric anisotropy ∆ε varies from −0.4 to −2.4. We can conclude that the dielectric anisotropies of the discussed liquid crystal complexes, found within the same frequency range, are identical in sign and close in magnitude.
During the analysis of the dispersion of the dielectric permittivities of the studied complex ε ⊥ and ε (E⊥H) the relaxation times for different temperatures were determined. The dependencies of relaxation times τ ⊥ τ (E⊥H) and τ is on the reciprocal temperature 1/T are shown in Fig. 8 .
From the slopes of the lines according to the Arrhenius equation:
we obtained the activation energy of the molecular mechanisms responsible for the dipole polarization in the studied frequency range in the mesophase and isotropic state. The values W || and W (E⊥H) are identical within experimental error, and equal to 80 kJ/mol. The activation energy in the isotropic phase was greater U is = 105 kJ/mol. This can be explained by the fact that the rotation of the molecules around the long axis in the isotropic phase is more hindered than in the nematic phase. As an example this was confirmed by experimental data for 4,4'-di-nheptyloxyazoxybenzene [24] . The significant difference between the values of quasi-static dielectric permittivity ε || ε ⊥ ε is and refractive indices n e , n o and n is , and also the presence of dispersion ε (E⊥H) , ε ⊥ , ε is suggests that the studied paramagnetic FIG. 8. The dependence of relaxation times on the temperature. 1 -τ ⊥ ; 2 -τ (E⊥H) ; 3 -τ is complex is a polar substance. The value of the permanent dipole moment of the complex µ = 6.4 D was determined using the dielectric permittivity ε is = 4.7, the refractive index of the isotropic phase n = 1.522 and the Onsager's formula:
9 ε is − n 2 2ε is + n 2 ε is (n 2 + 2)
where N A -Avogadro's number, ρ ≈ 1 g/cm 3 -complex density, M = 1814 -molecular weight. The true value of the dipole moment of the complex µ can be higher than the obtained one, as the Onsager's formula is valid only for weakly polar substances. In addition, the presence of the longitudinal component of the dipole moment, that has not manifested itself during the polarization within the 100 Hz -5 MHz electric field frequency range, can also increase µ.
Conclusion
Dispersions of the dielectric permittivity components of Tb(CPDk 3−5 ) 3 Bpy 17−17 and Yb(CPDk 3−5 ) 3 Bpy 17−17 are realized within the same frequency range and are associated with the rotation of the polar molecules around the longitudinal axes and across to the cone's surface. Dispersion associated with reorientation around the short molecular axes was not seen. The value dielectric anisotropies of the discussed liquid crystal complexes are identical in sign and close in magnitude, therefore it can be concluded that variation of the central ion has a weak influence dielectric properties of lanthanidomesogens with the same ligand environment.
